Abstract In this study, polyethylene-terephthalate (PET) nonwovens are treated using an atmospheric plasma and the effects of the treatment time, treatment power and discharge distance on the ability of water-penetration into the nonwovens are investigated. The result indicates that the method can improve the wettability of PET nonwovens remarkably, but the aging decay of the sample's wettability is found to be notable as a function of the storage time after treatment due to the internal rotation of the single bond of surface macromolecules. As shown by SEM and XPS analysis, the etching and surface reaction are significant, and water-penetration weight is found to increase remarkably with the increasing power. This variation can be attributed to momentum transfer and enhanced higher-energy particle excitation.
Introduction
Uses of PET nonwovens in wet dinner-cloth and baby diaper products, etc., lead to a markedly increased market, and the nonwovens for the above mentioned applications must be water-wettable. However, the low surface energy of PET makes them hydrophobic, so their wettability is generally achieved by hydrophilic surface treatment. Traditionally, the method is a wet-chemical treatment and hence some problems such as contamination and toxicity arise to a certain extent. Moreover, the chemicals introduced onto the surface by finishing tend to be removed with water in repeated washing, while we have also faced another problem in hard handling for wetting coated fabrics. Plasma treatment [1∼4] of textile fabrics and yarns may be an alternative to wetting-processing in which multiple-action, including surface etching, surface activation, cross linking, chain scission and oxidation, can effectively modify the surface properties.
Despite the effects of plasma treatment on textiles, the inability to successfully incorporate low-pressure plasma treatment equipment into textile finishing operation has seriously limited the commercial appliance of the technique. So in this study the atmospheric plasma is used to treat the PET nonwovens.
The preliminary results are presented about PET nonwovens treated with atmospheric-pressure plasma. Through the analysis of water-absorbency, scanning electronic microscopy (SEM) and X-ray photoelectron spectra (XPS), the influence of the treatment power, treatment time and discharge distance on the wettability of the treated samples is discussed. In view of the changes in surface wettability, as a function of the storage time after treatment, aging decay is critically important in the practical use of plasma-activated nonwovens. We also discuss this phenomenon.
Experiment

Material
The PET nonwovens, extremely hydrophobic and unwettable, are made by the Nonwoven Fabric Factory in Weifang, China. Their basis weight is approximately 40 g/cm 2 . In the experiment, we set the size of the nonwoven at about 15 cm × 10 cm.
Plasma treatment
The plasma treatments are performed by the dielectric barrier discharge equipment made by the CORONA Lab. This plasma device operates at a frequency of 15 ∼ 20 kHz, and a voltage across the plates at 8000 ∼ 10000 V.
Measurements
The incorporation of air by the plasma treatment is followed by absorption weight measurement, XPS and SEM.
Absorption weight measurement
As a measure of the hydrophilicity of the treated nonwoven, the absorption weight is measured using the Sartorius basic BP211. Tested samples are wetted in distilled water, and then their wicking weight is measured.
SEM surface analysis
For SEM analysis, a JEOL-JSM-840 scanning electron microscope is used.
XPS measurement
XPS measurement is carried out using VG ES-CALAB MKΠ with AlK as an excitation source. The XPS curves of the C1s spectra can be fitted using a series of peaks assigned to
. The relative abundances of these four carbon components and O/C ratios in the specimens are determined by a conventional analytical procedure.
Results and discussion
From the experimental data, we find the effects of the treatment power and treatment time on the morphology and water-penetration properties of the PET nonwovens are remarkable. 3.2 Effect of treatment power on the surface structure and waterpenetration properties
Surface morphology of the PET nonwovens
As shown in Fig. 2 , at a fixed time of 8 s, the waterpenetration weight is found remarkably increased from 2.80 mg to 80.0 mg and then to 66.6 mg with the power increasing from 0 W to 100 W and then up to 200 W. Table 1 shows the C1s and the component percentage of the PET samples at different powers: 82 W, 100 W and 200 W. After the treatment, the ratio of O/C is found to be 0.211, 0.354 and 0.327, respectively. The increase in the supplied power can lead to more excitation of oxygen and nitrogen atoms and enhanced surface reaction on the substrate. On the other hand, the increased power can promote the momentum transfer so the surface etching also increases. Therefore, we can observe clear etching roughness on the nonwovens' surface [11, 12] . When the power varies from 0 W to 100 W, the effect of introduced O and N atoms on the surface structure-composition seems to be dominant as compared to the etching. The surface reaction introduces more O and N atoms, so the water-penetration weights increase; as the power is increased from 100 W to 200 W, in the competition of two factors, the etching seems to play a dominant role between the above mentioned two actions because the introduced O and N containing groups may be ablated and taken out with the increasing power by enhanced etching. As a result, the water-penetration weight of the sample is decreased a little. The increased water-penetration weight suggests that, compared with the role of etching, the deposition of fluorocarbon polymers is the main factor because the former leads to a reduced quality while the latter leads to an increased quality. The mechanism should be as follows: the increased potential gradient between the poles with the increasing power leads to an increase in ions' average kinetic energy in the plasma gas, and the portion of ions with an energy greater than the activation energy for inducing chemical reaction increases, and hence the surface chemical reaction can be accelerated. Specifically, these factors promote the oxygen and nitrogen molecules to react with the atoms or groups on the carbon chain of the substrate surface. Also, higherenergy plasma gas particles have a physical effect which exchange energy with surface macromolecules by momentum transfer, producing surface etching and finally forming a rugged micro/nano-scale fluctuation. The enhanced surface roughness shown in the XPS images can be explained through the above analysis. Obviously, increasing the plasma gas kinetic energy or input power can enhance etching, as can be seen from Fig. 1 . According to the Wenzel theory about contact angle hysteresis, for the hydrophilic surface, the apparent contact angle increases with the increased roughness, and the wettability is also enhanced. Therefore, both the surface chemical reaction and surface etching can increase the nonwoven's wettability. Fig. 3 shows the change at different time in the water-penetration weight. At a fixed power of 82 W, the water-penetration weight is found to remarkably rise from 2.80 mg to 85.5 mg with the time increased from 0 s to 15 s, due to the changes in the nonwoven's composition. The explanation may be as follows: at a given power, with the increase in the treatment time, the water-penetration weights increase owing to the introduced O and N and the increased etching. The two actions can improve the nonwoven's water-penetration properties. Fig.3 Relation between treatment time and waterpenetration weight
Effect of treatment time on the water-penetration properties
Discharge distance on the waterpenetration properties
In the experiment, it is found that, at the chosen discharge distance of about 1 mm, good uniformization can be obtained or the PET nonwovens will be burned seriously.
Effect of the storage time on the water-penetration properties
After plasma activation, the samples are stored in air at 23
• C. The water-penetration properties of the samples are measured subsequently.
The result presented in Fig. 4 illustrates the change in the water-penetration weight as a function of the storage time. At a fixed power of 82 W and a fixed time of 8 s, a decrease is observed in the water-penetration weight of the plasma treated PET in its aging time. The relation between the water-penetration weight and the storage time is basically linear, and the waterpenetration weight reaches only 7.6 mg after 30 days of storage (basically one-third of the weight immediately after the treatment). The reason for this can be explained as follows: re-orientation makes the single bond rotate from surface into substrate. Macroscopically, in the plasma atmosphere, the specimen has higher surface energy because the more active nitrogen and oxygen groups are connected to the chain of surface macromolecules by reactions. According to the second law of thermodynamics, the systems tend to automatically reduce the surface energy and these changes should be achieved by intermolecular interaction. From a microscopic point of view, most of these oxygen-nitrogen groups are connected on the carbon atoms, and carbon−carbon single bond is the major connected form. As the σ bond can be rotated freely, oxygen and nitrogen are often easily rotated to the bulk to reduce the interaction potential energy so that the hydrocarbon groups can return to the surface. This microscopic configuration variation corresponds to the automatic reduction in the macroscopic surface energy. Since the re-orientation must overcome the activation energy, the completion of this process takes a certain period. Accordingly, the highly active nitrogen-oxygen groups are gradually consumed with time and the surface hydrophobicity is decreased simultaneously. This can be explained from the XPS measurement as shown in Fig. 5 . Fig.4 Dependence of water-penetration weight as a function of storage time 
Conclusions
We have made the first experiment with the plasma treatment of PET to increase its hydrophilicity. The atmospheric plasma is found to be an effective tool for the treatment of this type of material. In the experiment, we observe that the effect of power is crucial in optimizing the process conditions because the increase in the supplied power can lead to more excitation of oxygen and nitrogen atoms on the substrate. Then we find the water-penetration weight is remarkably raised with the time due to the changes in the nonwoven's composition. In addition, the discharge distance of about 1 mm is an ideal parameter at which good uniformization can be obtained. On the other hand, thanks to the changes in the wettability as a function of the storage time after treatment, the water-penetration weight is observed to be reduced after storage for 30 days to one-third of the weight immediately after treatment due to the internal rotation of the single bond of surface macromolecules.
